Megacystis microcolon intestinal hypoperistalsis syndrome (MMIHS) is a congenital disorder characterized by loss of smooth muscle contraction in the bladder and intestine. To date, three genes are known to be involved in MMIHS pathogenesis: ACTG2, MYH11, and LMOD1. However, for approximately 10% of affected individuals, the genetic cause of the disease is unknown, suggesting that other loci are most likely involved. Here, we report on three MMIHS-affected subjects from two consanguineous families with no variants in the known MMIHS-associated genes. By performing homozygosity mapping and whole-exome sequencing, we found homozygous variants in myosin light chain kinase (MYLK) in both families. We identified a 7 bp duplication (c.3838_3844dupGAAAGCG [p.Glu1282_Glyfs*51]) in one family and a putative splice-site variant (c.3985þ5C>A) in the other. Expression studies and splicing assays indicated that both variants affect normal MYLK expression. Because MYLK encodes an important kinase required for myosin activation and subsequent interaction with actin filaments, it is likely that in its absence, contraction of smooth muscle cells is impaired. The existence of a conditional-Mylk-knockout mouse model with severe gut dysmotility and abnormal function of the bladder supports the involvement of this gene in MMIHS pathogenesis. In aggregate, our findings implicate MYLK as a gene involved in the recessive form of MMIHS, confirming that this disease of the visceral organs is heterogeneous with a myopathic origin.
Contraction of smooth muscle cells (SMCs) results from an elaborate molecular process that involves the cross-bridge interaction between thin actin filaments and thick myosin filaments. 1 Loss of any of the proteins involved in this process is likely to affect cell physiology, resulting in impaired contractility. Recently, loss of SMC contraction has been found to underlie the development of megacystis microcolon intestinal hypoperistalsis syndrome (MMIHS [OMIM: 155310]), a rare congenital disease of the visceral organs, mainly characterized by bladder distension and the presence of a microcolon. 2, 3 This link was made from the identification of pathogenic variants in three muscle-related genes: actin, gamma 2, smooth muscle, enteric (ACTG2 [OMIM: 102545]), [4] [5] [6] [7] [8] myosin heavy chain 11 (MYH11 [OMIM: 160745]), 9 and leimodin 1 (LMOD1 [OMIM: 602715]). 10 De novo variants in ACTG2 are implicated in the autosomal-dominant form of MMIHS, [4] [5] [6] [7] [8] whereas homozygous variants in MYH11 and LMOD1 cause a recessive form of the disease. 9, 10 Although the identification of pathogenic variants in these genes explains approximately 90% of all MMIHS cases characterized by bladder and intestinal problems and for which genetic information is available, [4] [5] [6] [7] [8] [9] [10] for some affected individuals, the causative mutation and associated gene have yet to be identified. Here, we describe three MMIHS subjects from two independent families and for whom no variants in the known MMIHS-associated genes were found ( Figure 1A ). Subject 1 (II-2 in Figure 1A ) was born to consanguineous parents of North African origin. Prenatal ultrasound performed at 13 weeks of gestation identified the presence of a distended bladder and a generalized subcutaneous edema ( Figure 1B ). Severe oligohydramnios was also reported. Autopsy of the fetus confirmed the diagnosis of MMIHS (the pregnancy was terminated at 15 weeks of gestation). Subject 2 (II-3 in Figure 1A ) was the younger brother of subject 1. Distension of the bladder was observed on prenatal ultrasound ( Figure 1C ), and anhydramnios was detected. Labor occurred prematurely at 31 weeks of gestation. The neonate experienced respiratory distress and died. Further anamnesis revealed the presence of a distended bladder in the older sister (II-1 in Figure 1A ) of subjects 1 and 2 before her intrauterine death at 30 weeks of gestation. Subject 3 (II-5 in Figure 1A ) was the first child of a consanguineous couple of Indian origin. The antenatal period was complicated with polyhydramnios, but the baby was born at term by normal delivery. No neonatal complications were reported. At 2 days of age, she was admitted back to the hospital with bilious vomiting. Barium enema confirmed intestinal obstruction, which was most likely caused by malrotation of the intestine ( Figure 1D ). Surgery was performed 1 day later to place an ileostomy and correct the intestinal malrotation. During surgery, a distal microcolon was revealed, and the bladder was catheterized. Histopathological analysis of the mid-ileum identified the presence of ganglia. Abdominal ultrasound revealed distension of the bladder and bilateral hydroureteronephrosis ( Figure 1E ), allowing the diagnosis of MMIHS to be made. Further follow-up of the family revealed that a younger sister (II-6 in Figure 1A ) of subject 3 had also been diagnosed with MMIHS.
To identify the genetic cause of the disease in these subjects, we used a combined strategy of homozygosity mapping and whole-exome sequencing (WES). Written informed consent was obtained from the parents, and this study was approved by the Erasmus Medical Center ethics committee (Medisch Ethische Toetsings commissie 2011/148, Algemeen Beoordelings en Registratieformulier form NL35920.042.11) and by the institutional review board at Baylor College of Medicine (Baylor Hopkins Centers for Mendelian Genomics protocol H-29697). Absence of heterozygosity (AOH), copy-number variants (CNVs), and exonic variants with deleterious changes predicted in silico (single-nucleotide variants [SNVs] and insertions or deletions) were determined as previously described. 10 Because consanguinity is known to increase the number of regions of shared haplotypes and is therefore associated with the occurrence of autosomal-recessive disorders, 11, 12 we analyzed the filtered variants by identifying regions that are presumed to be shared identically by descent in extended genomic intervals of AOH. These identical-bydescent (IBD) regions are enriched with potential deleterious variants fulfilling Mendelian expectations 13 and
were the starting point of our genetic analysis. For subject 1 (II-2 in Figure 1A ), 55 homozygous regions of at least 1 Mb in length and harboring at least 50 probes were identified by SNP arrays. Of these 55 regions, 38 were present in the parents in a heterozygous state ( Figure S1 and Table S1 ) and were likely to be IBD regions. Analysis of the SNP arrays did not identify any deleterious large CNVs. WES was also performed for subject 1, and the filtering criteria followed are described in Figure S2 . Out of 2,848 rare variants found (minor allele frequency below 1%), only 20 were proven to be recessively inherited and predicted to be deleterious (Table 1) 15 in GeneCards, 16 MYLK was the only gene in this list with expression in human fetal gut and bladder, the two major organs affected in MMIHS. On the basis of this evidence, we considered MYLK to be the best candidate gene for this family.
WES investigations of another independent cohort of individuals consisting of 42 probands with visceral myopathy, MMIHS, and prune-belly phenotypes 5 led to the identification of one subject, subject 3 (II-5 in Figure 1A ), in whom a homozygous putative splice variant affecting exon 23 of MYLK (c.3985þ5C>A [GenBank: NM_053025.3]) had also been identified. Analysis of the AOH regions present in this subject showed that stretches of homozygosity composed 8% of her genome and that MYLK was located within a 9 Mb genomic region of AOH ( Figure S3 and Table S2 ). It is also worth noting that combined analysis of the WES data generated for subject 1 (Table 1 ) and subject 3 (Table 2) showed that MYLK was the only shared gene in which recessive variants predicted to be deleterious had been identified ( Figure S2 ). Sanger sequencing performed with specific primers (MYLKF and MYLKR; Table S3 ) confirmed the presence of both variants in a homozygous state in these subjects and showed that they were inherited from heterozygous parents ( Figure 1A ). Subject 2 (II-3 in Figure 1A ) was also found to carry the same homozygous duplication detected in subject 1 (II-2 in Figure 1A ), whereas their unaffected sister showed no mutant allele ( Figure 1A ). No genetic information was available for the older sister of subjects 1 and 2 or for the younger sister and brother of subject 3 as a result of DNA unavailability. In humans, three major MYLK isoforms exist: a long isoform referred to as non-muscle MYLK, a short isoform known as smooth muscle MYLK, and a very small isoform called telokin. 17 The variants identified in the families included in this study affect both the long and the short isoforms ( Figure S4 ). To further evaluate the involvement of MYLK in MMIHS pathogenesis, we determined the presence of this protein at different stages of human embryonic development. Because the bladder and intestine are the two organs affected in MMIHS, we used a specific antibody to evaluate the presence of MYLK in these organs by immunohistochemistry. Formalin-fixed paraffin-embedded human small intestinal and bladder specimens obtained from control samples were retrieved from the Biobank of the Pathology Department of the Erasmus University Medical Center. We observed that, across all developmental stages included in this study, MYLK was localized in all SMCs that form all muscular layers of the intestine and bladder (Figure 2A ). We also immunostained specimens collected from the small intestine and bladder of subject 1 (II-2 in Figure 1A ) by the Department of Pathology of the Hôpital Universitaire Robert Debré and found no signal for MYLK. Because the recognition epitope of the antibody used is located before the homozygous duplication (amino acids 908-938), it is likely that MYLK expression is abolished in this subject, confirming loss of function and pathogenicity of the variant identified ( Figure 2B) . Surprisingly, no changes in the levels of neurofilament, c-Kit/CD117, tryptase, or ACTA2 were detected in this subject. Moreover, in comparison with age-matched control samples, the structure and cellular constituents of the bladder and intestine showed no apparent pathological abnormalities ( Figure 2C ). This suggests that although MYLK is instrumental for the proper function of SMCs, its presence is not required for maintaining the structural architecture of these organs. We also investigated the pathogenicity of the putative splice-site variant (c.3985þ5C>A) found in subject 3 (II-5 in Figure 1A ) by performing splicing assays as previously described. 18 Wild-type (WT) and mutant constructs were generated with genomic DNA from control and affected subjects with a primer set designed to include the genomic sequence that stretches from the last part of intron 22 of MYLK to the beginning of intron 23 (MinigeneF and MinigeneR; Table S3 ). Whereas the WT construct generated a transcript with the expected size (414 bp), the mutant construct eliminated all transcription products seen in the WT situation and produced a band with the same size as the empty vector. This result indicates that the identified variant is indeed a splice variant likely leading to the skipping of exon 23 ( Figure 2D ). As a consequence, a frameshift will occur and lead to the appearance of an early stop codon at the beginning of exon 24, but in a different location than the one identified in subjects 1 and 2. Although tissue specimens were not available for subject 3 (II-5 in Figure 1A ), we suspect that expression of MYLK is also impaired, given that the splice variant had an effect similar to that of the duplication described for subjects 1 and 2 and is therefore likely to result in loss of function. Interestingly, we noticed that several other transcripts were generated for exon 23 in the WT situation, suggesting that this exon might normally be targeted for alternative splicing. MYLK encodes an important kinase required for phosphorylation of the regulatory light chain (RLC) of myosin, leading to its activation and subsequent interaction with actin filaments 17 ( Figure S5 ). This interaction is essential for SMC contraction, a mechanism that is already known to be defective in MMIHS. 4, 7, 10 According to our results, MYLK expression is most likely impaired in the subjects included in this study, and we expect that myosin activation cannot occur because of a lack of phosphorylation of its RLC. As a consequence, myosin will be unable to interact with actin, resulting in impaired SMC contractility ( Figure S5 ). Considering that MYLK is a ubiquitous protein, it is surprising that the phenotype seen in individuals affected with MMIHS, as well as in the conditionalknockout mouse, 14 is restricted to the intestine and bladder. This might be related to the fact that the extra visceral phenotypes develop only later in life, and we were unable to detect it because none of our subjects survived longer than a few days after birth. This hypothesis is supported by previous reports linking heterozygous loss of MYLK to aortic vascular smooth muscle defects. 19, 20 In these subjects, aneurysms often occur without preceding dilatation of the aorta, suggesting that it takes time for the reduction of MYLK to take its toll on major blood vessels. However, it could also be that other kinases are able to salvage SMC contraction of the extra-visceral organs. This hypothesis is supported by the fact that RLC phosphorylation could still be induced in aortic cells collected from mice where expression of all three Mylk isoforms is abolished. 21 Considering that the heterozygous parents of the subjects included in this study do not show any cardiac problems as far as we know, the second hypothesis is perhaps more likely, but further studies need to be performed to bring new insight into this matter.
In conclusion, we provide evidence for MYLK involvement in MMIHS, confirming that this is a heterogeneous disease of the visceral organs where disruption of SMC contraction seems to be the major trigger for pathogenicity.
Accession Numbers
The accession numbers for variants c.3838_3844dupGAAAGCG and c.3985þ5C>A are ClinVar: SCV000299345 and SCV000574720, respectively. Figure 2 . Evaluation of the Effect of the MYLK Variants Identified (A) Immunohistochemistry performed in control specimens with a specific MYLK antibody (1:100; Thermo Fisher Scientific) showed that MYLK is present in SMCs that constitute muscular structures of the intestine and the bladder, including muscularis mucosa, blood vessels, and circular and longitudinal muscles of the muscularis propria. Similar patterns and expression levels were present throughout all developmental stages included in this study. (B) MYLK is absent in the intestine and bladder of subject 1 (II-2 in Figure 1A ). (C) H&E staining and immunostainings performed in specimens derived from control samples and subject 1 with specific antibodies against neurofilament (1:600; Monosan), c-Kit/CD117 (1:200; Cell Marque), tryptase (1:1,600; Dako), and ACTA2 (ready to use; Dako) showed no significant differences. (D) Splicing assays revealed impaired splicing of exon 23 of MYLK in subject 3 (II-5 in Figure 1A ). SD6 and SA2 primers (Table S3) were used for evaluating transcripts produced by the wild-type (WT) vector, the mutant (Mut) vector containing the putative splice-site variant c.3985þ5C>A, the empty vector (Empty), and untransfected cells (Un) according to a standard PCR protocol.
